A facile synthesis of the hierarchically porous cathode with Mo 2 C nanoparticles through the electrospinning technique and heat treatment is proposed. The carbonization temperature of the precursors is the key factor for the formation of Mo 2 C nanoparticles on the carbon nanofibers (MCNFs). Compared with the Mo 2 N nanoparticles embedded into N-doped carbon nanofibers film (MNNFs) and N-doped carbon nanofibers film (NFs), the battery with MCNFs cathode is capable of operation with a high-capacity (10,509 mAh g À1 at 100 mA g À1 ), a much reduced discharge-charge voltage gap, and a long-term life (124 cycles at 200 mA g À1 with a specific capacity limit of 500 mAh g
Introduction
The development of electric vehicle is an effective measure to resolve the increasing environmental concerns. As one of important parts of electric vehicles (EVs), the insufficient storage capacity of current batteries is the major technical hurdle that limits the range of practical EVs. Rechargeable lithium-oxygen (Li-O 2 ) battery has the potential to power EVs, enabling driving ranges comparable to gasoline powered automobiles, due to its high theoretical energy density (3,600 Wh kg À1 ) [1] [2] [3] [4] [5] [6] . However, the practical use of Li-O 2 battery has been restricted by some scientific and technical challenges. First, the irregular precipitation insoluble discharge product, lithium peroxide (Li 2 O 2 ), will block the void of the O 2 cathode [7] [8] [9] [10] . Second, the sluggish kinetics of the oxygen reduction reaction (ORR) and the oxygen evolution reaction (OER) will seriously limit the battery performance, causing high discharge-charge overpotential, low round-trip efficiency, poor rate capability, and especially short cycle life [11, 12] . Third, the commonly used organic binders, such as polyvinylidene fluoride (PVDF), will survive nucleophilic attack of high-sensitive intermediated radicals and produce unwanted products such as LiF, LiOH, and Li 2 CO 3 [13] [14] [15] . Furthermore, the addition of an organic binder will inevitably increase the impedance of the cell and block the diffusion channel of Li + and O 2 . To resolve these above problems, a hierarchically self-standing and binder-free cathode with effective catalytic performance should be designed and fabricated. Herein, a self-standing nitrogen-doped carbon nanofibers (NFs) substrate is created by electrospinning technique. NFs could be directly used for a cathode in Li-O 2 battery because its open macroporous structure allows for the diffusion of electrolyte and O 2 , provides sufficient active surface area for the cathode reactions as well as necessary pore volume for the storage of discharge products. Besides, it could eliminate the side-reactions causing by binders [16] [17] [18] [19] . Moreover, nitrogen-doping not only increases the electrical conductivity, but also shows catalytic activities for ORR and OER [20] [21] [22] [23] . Cathodes consisting noble metals (Pt, Au and Ru) and metal oxides (RuO 2 and IrO 2 ), usually exhibit much great electrochemistry performance in the Li-O 2 battery, including low overpotential and high cycling stability [24] [25] [26] [27] [28] . However, the high cost and scarcity of noble metals terribly impede their widespread applications. What's worse, the synthesis strategies for those hybrid materials involve multiple steps and require high energy conditions and toxic/erosive reagents (such as HF or NaOH). Hence, alternative routes for the synthesis of low-cost powerful cathodes are desired. Recently, Mo 2 C is believed to be as a favourable alternative of noble metals due to its Pt-like structure [29, 30] . Here, Mo 2 C nanoparticles are well dispersed on the NFs with controlled particle size (5-8 nm) by carbonizing polymer precursor containing molybdenum acetylacetonate at Ar/H 2 (denoted as MCNFs). It is worth noting that the carbonization temperature is the key factor to synthesize Mo 2 C. Eventually, the Li-O 2 battery with MCNFs cathode shows a relatively low discharge-charge gap voltage, a large specific capacity, and a good cycling stability. These superior properties can be explained by the hierarchically self-standing and binder-free structure that could ensure the high diffusion flux of Li + and O 2 as well as avoid clogging of the discharge product, bulk Li 2 O 2 . Simultaneously, the well dispersed Mo 2 C nanoparticles not only afford rich active sites, but also facilitate the electronic transfer for catalysis.
Materials and methods

Preparation for the cathode material
Chemicals
Polyacrylonitrile (M w = 150,000, PAN) is purchased from J&K Co. Molybdenum acetylacetonate (97%, Mo(acac) 4 ) is purchased from Aladdin Reagent. N,N-dimethylformanide (99.5%, DMF), tretraethylene glycol dimethyl ether (99%, TEGDME), lithium triflate (98%, LiCF 3 SO 3 ) is purchased from Macklin Reagent. All chemicals are used as received without further purification.
Synthesis of MCNFs
MCNFs is fabricated in a large-scale quantity via an electrospinning technique followed by anneal treatment. Typically, 1 g PAN and 0.50 g Mo(acac) 4 are dissolved in 5 mL DMF with vigorous stirring for 5 h. After that, the above mixture is transferred to a plastic syringe equipped with a 9-gauge metal nozzle made of stainless steel. The distance between the needle tip and the collector is fixed to 16 cm and the flow rate of the syringe pump is fixed at 1.0 mL h
À1
. Electrospinning experiments are performed when relative air humidity is 50%-60%. The voltage is conducted at 20 kV and a sprayed dense web of fibers is collected on the aluminum foil. The electrospun polymer nanofibers first are stabilized at 280°C for 2 h at a heating rate of 1°C min À1 in air and then are carbonized at 900°C for 6 h under Ar/H 2 (95%:5%) atmosphere to obtain MCNFs.
Synthesis of MNNFs
The MNNFs is synthesized by the same method as the MCNFs except the only difference that carbonization temperature is at 800°C.
Synthesis of NFs
The NFs is synthesized by the same method as the MCNFs without Mo(acac) 4 addition.
Characterization of material
Scanning electron microscopy (SEM) analysis and energy dispersive spectroscopy (EDS) are performed using a field emission scanning electron microanalyzer (Hitachi S4800) operated at an accelerating voltage of 10 kV. Transmission electron microscopy (TEM) is performed on an FEI Tecnai G2 S-Twin instrument with a field emission gun operating at 200 kV. Powder X-ray diffraction (XRD) measurements are carried out using a Bruker D8 Focus powder X-ray diffractometer with Cu Ka (k = 0.15405 nm) radiation (40 kV, 40 mA). X-ray photoelectron spectroscopy (XPS) analyses are conducted on a VG Scientific ESCALAB MKII X-ray photoelectron spectrometer using an Al Ka source. Thermogravimetric analysis (TGA) was performed under air atmosphere from 25 to 800°C at a heating rate of 10°C min À1 on a NETZSCH STA 449 F3
Simultaneous TGA-DSC Instrument.
Electrolytes
Tetraethylene glycol dimethyl ether (TEGDME) solvent are soaked in activated molecular sieves (4 Å type) for 30 d until the water content below 10 mg L À1 . LiCF 3 SO 3 is heated at 80°C in vacuum oven for 24 h. The electrolyte contains 1 mol L À1 LiCF 3 SO 3 in TEGDME solvent (H 2 O <10 ppm).
Li-O 2 cell preparation and electrochemical measurements
All the MCNFs, MNNFs, and NFs are cut into slices with a diameter of 12 mm, which are used directly as cathode without any binders. All cathodes are dried at 80°C in vacuum oven for 24 h with the average mass being (0.50 ± 0.05) mg. The electrochemical performance of the Li-O 2 cell is analyzed using a 2025-type coin cell. All of the cells are assembled in a glove box under an Ar atmosphere using a lithium metal foil anode, a glass fiber separator, an oxygen cathode and an electrolyte containing 1 mol L À1 LiCF 3 SO 3 in TEGDME. The galvanostatic discharge/charge tests are performed in a specific capacity-controlled mode at various current densities. CVs are also performed at a scan rate of 0.1 mV s À1 in the range of 2.0-4.5 V.
Results
Structures and characterizations
Fig. 1a schematically illustrates the synthesis strategy for MCNFs. First, the self-standing polymer fibers film is obtained by the electrospinning technology (Fig. S1a online) . Then, the polymer fibers film is stabilized in air at 280°C to form a ladder structure consisting of a series of connected CAN aromatic rings by the dehydrogenation and cyclization process, this ladder structure could be maintained even at high temperatures [31] . After that, the film is carbonized at 900°C to obtain MCNFs. Interestingly, when the carbonization temperature is 800°C, the product is that Mo 2 N nanoparticles dispersed on NFs (denoted as MNNFs). MCNFs and MNNFs are both characterized using XRD as shown in Fig. 1b . The peaks of crystalline Mo 2 C (JCPDS No. 65-8766) and crystalline Mo 2 N (JCPDS No. 25-1366) respectively appear in broad humps in the 10°-80°range. This result confirms that Mo 2 C and Mo 2 N are successfully fabricated after carbonization. As we all know, the nitrogen content of PAN is about 26.4% and the electronegativity of the N atom is larger than that of C atom, the N atom is preferentially bonded with the Mo atom to form Mo 2 N, so Mo 2 N is first formed at low temperature. But as the temperature increases, the N atoms are eliminated and the product begins to convert from Mo 2 N to Mo 2 C. TGA of the precursor under Ar is shown in Fig. S2 (online). It is obviously note that there is a weight loss between 800 and 900°C, in which prove this above conjecture.
As shown in Fig. 1c and Fig. S3a (online) , the obtained MCNFs and MNNFs maintain the hierarchically self-standing and binderfree network structure even at high temperature. The average diameter of MCNFs and MNNFs is ca. 400 nm (Fig. 1c and S2b (online) ), which is smaller than that before the polymer fibers film (Fig. S1b online) [32] . Interestingly, the average diameter of MCNFs and MNNFs are larger than that of NFs (Fig. S4b  online) . This can be explained by the viscosity of the precursor solution increasing after the addition of Mo(acac) 4 , and the diameter of fibers increases with the increase of the viscosity [33] . As shown in Fig. 1d , a lot of nanoparticles with the size range from 5 to 10 nm are well dispersed in the carbon fibers and the d-spacing of these nanoparticles is found to be 0.2595 nm (Fig. 1e) , corresponding to the (1 0 0) plane of Mo 2 C (Fig. 1b) .
XPS is also used to analyze the surface compositions of the MCNFs. As depicted in the survey of MCNFs, six distinct signals at 231.5, 285.0, 398.5, 400.0, 416.0 and 532.5 eV can be well ascribed to Mo 3d, C 1s, Mo 3p 3/2 , N 1s, Mo 3p 1/2 and O 1s, respectively (Fig. 2a). Fig. 2b shows the C 1 s high spectrum, in which the peak at the lower binding energy of 284.35 eV is characteristic of the carbon in Mo 2 C, whereas those at higher binding energies of 284.70, 285.26, 286.20 eV correspond to CAC, C @ N, and CAN, respectively. In Fig. 2c , the N 1 s high resolution XPS spectrum presents four peaks, in which could be ascribed to Mo 2 N (394.35 eV), pyridinic-N (397.77 eV), pyrrolic-N (398.81 eV) and graphitic-N (401.37 eV). Finally, the high resolution Mo 3d XPS spectrum could be deconvoluted into four peaks (Fig. 2d) . [29, 34] . TGA is applied to analyze the proportion of Mo 2 C in MCNFs (Fig. 3a) . The remaining product is pure phase MoO 3 after heat treatments of MCNFs (Fig. 3c) . According to the molecular weight of MoO 3 and Mo 2 C, we can calculate that the proportion of Mo 2 C in MCNFs is 13.26%. potential of MCNFs is about 2.77 V, which is obviously lower than that of MNNFs (2.68 V) and NFs (2.68 V). Meanwhile, there are two OER peaks of 3.40 and 3.73 V in the Li-O 2 batteries with MCNFs, corresponding to negative shift than those of MNNFs (3.88 V) and NFs (3.99 V), respectively. All above results reveal that the MCNFs exhibits a higher ORR onset potential, a lower OER onset potential, and a higher ORR/OER peak current compared with that of MNNFs and NFs. These results show that the MCNFs exhibits superior ORR/OER performance towards both the formation and decomposition of discharge product. Encouraged by these results, we have investigated the rate capability of the Li-O 2 batteries with three cathodes at different current densities. As shown in Fig. 4c , the discharge voltage plateau of the MCNFs cathode is higher than that of MNNFs and NFs at a wide variety of current densities. In light of these discoveries, we have carried out full range discharge test of the Li-O 2 batteries with three cathodes at various current densities (Fig. 5) ).
Electrochemical performances
To exclude the possible discharge capacity contribution from lithium insertion, the discharge capacity of MCNFs cathode is tested in the Ar atmosphere (Fig. S5 online) . It is found that the background discharge capacity of the MCNFs cathode is negligible within the voltage range, suggesting that the discharge capacities of MCNFs cathode are derived from ORR. Eventually, we speculate that the superior electrochemistry performances of the MCNFs cathode are derived from the synergy of the following advantageous factors: (1) the porous and fibrous structure provides sufficient void volume to house the generated discharge products and promote fast mass transfer, (2) good electronic conductivity that enables fast electron transfer from the reaction sites, and (3) . From Fig. 6 , the voltage obtained at the discharge terminal of the Li-O 2 battery with MCNFs cathode in the >2.0 V is 124 cycles. In contrast, the discharge voltages of the MNNFs and NFs degrade to <2.0 V after only 46 and 13 cycles, respectively. Additionally, the Li-O 2 batteries with MCNFs cathodes could live 56 cycles with the specific capacity limit of 1,000 mAh g À1 (Fig. S6 online) . All above results confirm that MCNFs has superior cycling stability than MNNFs and NFs. To better illustrate the superiority of the MCNFs cathode, a comparison between the cycling performances of our cathode and those of reported Mo 2 C or TiC cathode is presented in Table 1 . Of note, with the same limited capacity, the cycling performance of the MCNFs cathode tested at 200 mA g À1 outperforms that of the MoO 2 /Mo 2 C@3D NCF, Mo 2 C/CNT, TiC-C cathode tested at 100 mA g
À1
. These results further confirm the excellent cycling stability of MCNFs cathode.
Mechanism exploration
To understand the reversibility of the MCNFs cathode, the morphology evolution of the discharged and recharged MCNFs cathode are then investigated via SEM, XRD and Raman spectroscopy. As shown in Fig. 7a , after discharging to 1,000 mAh g À1 and the current density is 200 mA g
À1
, sharp peaks at 33°, 35°, 49°and 58°, which correspond to the (1 0 0), (1 0 1), (1 0 3), and (1 1 0) crystal surfaces of Li 2 O 2 , are observed respectively [37, 38] . Additionally, the Raman spectroscopy is carried out to elucidate MCNFs cathode and the chemical bonds that are formed and broken (Fig. 7b) And these above new peaks in XRD pattern and Raman spectra would dispread after recharged to 1,000 mAh g À1 [38, 39] . Notably, the morphological changes of the MCNFs cathodes during the electrochemical reaction are shown in Fig. 7c , compared with the clean surface of the MCNFs cathode (Fig. 1c) , the toroidal Li 2 O 2 crystal uniformly grows along the surface of the MCNFs cathode after discharge [40, 41] . After recharge, the toroidal Li 2 O 2 crystal disappears and the surface of the cathode becomes smooth again (Fig. 7d) , demonstrating a good reversibility of the MCNFs cathodes. And this result is further supported by the electrochemical impedance spectra (EIS) in Fig. S7 (online). It can be found that after the first discharge process, the impedance of the Li-O 2 cell increases significantly, which is due to the poor electronic conductivity of discharge products generated at the cathode side. Interestingly, after subsequent recharging process, the impedance of the Li-O 2 cell could almost recover its initial value, indicating the good rechargeability of the MCNFs cathode. For further understanding the electrochemical behavior in the Li-O 2 battery, the galvanostatic intermittent titration technique (GITT) is also applied (Fig. S8  online) . The equilibrium potential of the Li-O 2 battery is near 2.9 V, regardless of the state of discharge, demonstrating the formation of Li 2 O 2 [42, 43] . In the end, we speculate the mechanism of electrochemical growth of Li 2 O 2 based on its morphology. Both theoretical calculations and experiments have demonstrated that the growth of Li 2 O 2 during the discharge process could proceed through two different pathways: surface-adsorption pathway and solvation-mediated pathway [44] [45] [46] [47] . As shown in Fig. 8 
Conclusion
In conclusion, to fabricate an efficient the cathode for Li-O 2 battery, the MCNFs is designed and fabricated through the electrospinning technology and high temperature treatment. Interestingly, when the MCNFs is applied as the cathode for Li-O 2 battery, superior electrochemical performances, including a high discharge capacity (10,509.6 mAh g À1 ), a low discharge-charge voltage gap (ca. 1 V), and a long cycle life (up to 124 cycles), are successfully obtained. These results are benefiting from the hierarchically selfstanding and binder-free structure of MCNFs with the excellent catalytic properties of the well dispersed Mo 2 C nanoparticles. These results suggest that both the material and structure of the cathode should be optimized to simultaneously achieve a superior electrochemical performance of Li-O 2 batteries. We anticipate this strategy could be extended to fabricate others metal carbides materials for the development of high-performing cathode for Li-O 2 battery. [36] Supplementary data associated with this article can be found, in the online version, at https://doi.org/10.1016/j.scib.2018.02.014. 
